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1. Intr oduction

Many measurementsof hardscatteringprocessesat hadroncolliders,includingtt̄ production,
dependontheaccuratedeterminationof jetenergies,sincejetsareusedasmeasuresof partonsfrom
thehardscattering.In particular, thetopquarkmassdeterminationis limited by theuncertaintyon
thejet energy scale.

Thedeterminationof the jet energy scaleis cumbersomebecauseof instrumentaleffects,in-
cludingcalorimeternon-uniformity, resolutioneffectsdueto largefluctuationsin particleshower-
ing in thecalorimeter, thenon-linearresponseof thecalorimeterespeciallytohadrons,anddifferent
responsesto differenttypesof particles,e.g. hadronsversuselectromagneticallyinteractingparti-
cles.Energy from additionalpp̄ interactionsoccurringin thesamebunchcrossingalsocomesinto
the jet cone,which hasa non-negligible effect at low jet pT andhigh instantaneousluminosities.
Thesituationis furthercomplicateddueto thefact thattheunderlyingeventcontributesenergy to
the jet clusteringcone,andthat the jet conedoesnot containall the energy of the parentparton
becauseof partonshower. Theseeffectshaveto takeninto account,whenthejet energy scaledeter-
minationor validationbasedonthehadronicmassresonancesandpT balanceof jetswith aphoton
or Z-bosonis performed.Thepartonshowerandjet fragmentationalsodependon theflavor of the
parentpartonwhich resultsin thedifferentjet energy correction.

CDF andDØ usedifferentapproachesto determinethejet energy scale.At CDF, determina-
tion of theabsolutejet energy scalereliesprimarily on thedetectorsimulationandjet fragmenta-
tion model[1]. Thecalorimetersimulationhasbeentunedto reproducethesingleparticleresponse
measuredin thetestbeamdataandpp̄ collision data,andthejet fragmentationmodelin PYTHIA

is usedto simulatejets. Theenergy scaleis validatedby comparingtheγ-jet andZ-jet pT balance
observed in collision datawith that in Monte Carlo (MC) events. In the approachusedby DØ
to determinethe jet energy scale,theabsolutejet responseis obtainedby utilizing the transverse
momentumconservation in photon+jeteventsindependentlyin dataandMC events[2]. Theseare
discussedin section3.

2. Detector

The CDF andDØ detectorsaregeneral-purposedetectorsfor pp̄ collisionsat the Fermilab
Tevatroncollider. Both detectorscomprisea solenoidal-magneticcharged particlespectrometer
surroundedby thecalorimetersanda setof muonchambers.Thecomponentmostrelevant for the
measurementof jets is thecalorimeter. Thecalorimeteris usedto measuretheenergy of particles
producedin pp̄ collisions.TheCDFandDØ calorimetersbothhave aprojectedtowergeometry.

TheCDFcalorimeteris asamplingcalorimeter. Theelectromagnetic(EM) sectionconsistsof
alternatinglayersof leadandscintillator, andthehadronic(HAD) sectionconsistsof alternating
layersof steelandscintillator. The CDF calorimetersaredivided into two main pseudorapidity
(
�
η
�
) regions;thecentralcalorimetercovers

�
η
���

1 � 1 andtheplug region covers1 � 1 ���η ��� 3 � 6.
Theregionbetweenthecentralandplugregionsis coveredby theend-wall hadroncalorimeter. The
tower sizein thecentralregion is ∆η � ∆φ 	 0 � 1 � 15
 , andthesegmentationin theplug region
variesasfunctionof η (∆η � ∆φ 	 0 � 1 � 7 � 5
 for

�
η
���

1 � 8 and∆η increaseswith increasing
�
η
�
).

Thenoiselevel is very low, having � 1 noisetowerwith ET 
 50MeV perevent.
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TheDØ calorimetersareuraniumandliquid argonsamplingcalorimeters.TheDØ calorime-
tersconsistof thecentralcalorimeterscovering

�
η
���

1 andtheendcalorimetersextendthecover-
ageto

�
η
� � 4. Thecalorimetershave threesections:EM, fine hadronic(FH) andcoarsehadronic

(CH). In theCH section,copperor steelis usedinsteadof uraniumasaabsorber. TheDØ calorime-
tersarenearlycompensating,with ane � π ratio lessthan1.05above30 GeV. Thetowersegmenta-
tion in η-φ spaceis 0 � 1 � 5 � 625
 .
3. Energy scaledetermination for genericjets

Jets(calorimeterjets) arereconstructedfrom energiesmeasuredin calorimetertowersusing
jet clusteringalgorithms.Thejet algorithmsusedby theCDFandDØ collaborationsaredescribed
elsewhere[3]. For measurementsof thetop quarkproperties,CDF andDØ usethecone-basedjet
algorithms.In MC simulation,particlejetscanalsobedefinedasjetsreconstructedby applyingthe
samejet clusteringalgorithmon stablefinal stateparticles.This sectiondescribestheprocedures
usedby theCDF andDØ collaborationsto correctthecalorimeterjet energy to thatof theparticle
jet. Theprocedureusedby CDFto correctjetsbackto theparentpartonsis alsopresented.

3.1 Jet energy scaledetermination at DØ

The jet energy calibrationprocedureemployed by DØ is basedprimarily on data,exploiting
thetransversemomentumconservationin events[2]. Themeasuredjet energy is correctedbackto
thetrueparticlejet energy by:

E particle
jet � Emeasured

jet � E0

R jet � S � (3.1)

whereE0 is anoffsetenergy which includestheunderlyingevent,uraniumnoise,energy from the
previous bunchcrossing,andadditionalpp̄ interactions.R jet representsthecalorimeterresponse
to jets which correctsfor the calorimeternon-uniformityalongη andthencorrectsthe absolute
energy scale.S is theshoweringcorrectionwhich correctsfor energy emittedoutsidethejet cone
dueto detectoreffects.

3.1.1 Offset

TheoffsetE0 includestheunderlyingevent,noisefrom theradioactive decayof theuranium
absorber, theeffect of thepreviousbunchcrossing,andthecontributionsof additionalpp̄ interac-
tions. Theunderlyingeventenergy is definedastheenergy contributedby spectatorpartonsto the
jets. TheoffsetE0 is determinedby measuringthetransverseenergy densityin theminimum-bias
andzero-biasdata.

3.1.2 Response

Evenafterthecalorimeterenergy calibrationbasedon thetestbeamdata,thejet energy mea-
suredby thecalorimeteris lessthanthe true jet energy on averagedueto non-linearresponseto
low momentumparticles,deadmaterials,andmodule-to-modulefluctuations.In orderto measure
thecalorimeterresponseto jets,DØ usesthemissingET projectionfractionmethodwhichexploits
thetransversemomentumconservation in anevent[2].
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In photon+jetevents,thetransverseenergiesof therealphotonandtheotherrecoil particlesat
theparticlelevel shouldsatisfy: �

Eγ
T � �

Erecoil
T � 0 � (3.2)

In general,thecalorimeterresponseto bothphotonsandrecoilsis lessthanunity andtheenergy
mismeasurementcausesthemissingET ( �ET ) in events:

Rγ

�
Eγ

T � Rrecoil

�
Erecoil

T � � � �ET � (3.3)

After theEM energy calibration,Rγ � 1, andEqs.(3.2),(3.3)transformto:

Rrecoil � 1 � � �ET � �nγ
T

Eγ
T � (3.4)

where
�
nγ

T � �
Eγ

T � � �Eγ
T

�
. In back-to-backphoton+jetevents,Rrecoil canbeconsideredastheresponse

of a jet R jet . In orderto be lesssensitive to jet energy resolutionwhendeterminingthe jet energy
response,thestudyis performedasa functionof E � � Eγ

T cosh� η jet � . Eγ
T andη jet arebettermea-

suredthanE jet , andE � canbemappedto E jet . Figure1 showsthejet response,R jet , asafunctionof
E jet . In practice,theabsolutejet responsecorrectionis determinedandappliedafter theresponse
is equalizedwith thefollowing procedure.

The correctionwhich equalizesthe jet responsein η is derived from dijet events. In dijet
eventswith onejet in thecentralregion (

�
η
���

0 � 5) andtheotherjet anywherein thedetector, the
relative jet responsewith respectto thecentraljet canbeexpressedas:

R jet � 1 � � �ET � �ncentral jet

Ecentral jet
T

(3.5)

and is measuredas a function of the jet η . The correctionis cross-checked for low ET jets in
photon+jetevents.

3.1.3 Showering

Theshoweringcorrectionaccountsfor theenergy flow throughthe jet coneboundaryduring
calorimetershowering. Due to electromagneticandhadronicshowering in thecalorimeter, some
particlesproducedinsidethejet conedepositpartof their energy outsidethecone.Theshowering
correctioncorrectsfor this effect, but doesnot correctfor the energy outsidethe jet conedueto
gluonemissionor fragmentation.Thecorrectionis derivedby measuringthefractionof theenergy
outsidethejet conein thedataandin theMC simulationattheparticlelevel. Thefractionmeasured
in dataincludesboththelossdueto thecalorimetershoweringandpartonshower, while thefraction
in MC at thepartonlevel includesthelossdueto partonshoweronly; thusthedifferenceis usedto
determinetheshoweringcorrection.

3.1.4 Systematicuncertainty

Figure1 shows thesystematicuncertaintiesassociatedwith eachstepof thejet energy correc-
tions andthe total uncertaintyfor centraljets asfunction of jet energy for DØ. The jet response
is the main sourceof the jet energy scaleuncertaintyover a wide rangeof jet energy; however,
theoffsetandshoweringcorrectionsgivenon-negligible contributionsat low andhigh jet energies,
respectively.
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Figure 1: (left) R jet asa function of E jet measuredin photon+jeteventsusingthe missingET projection
fractionmethodby DØ. (right) Thesystematicuncertaintyfor centraljetsasa functionof jet energy at DØ.

3.2 Jet energy scaledetermination at CDF

At CDF, jetsarecorrectedin stepsasgivenin:

pparticle
T ( jet � )

pmeasured
T ( jet � frel � pMI

T � Nvtx * � fabs � pparton
T � pparticle

T ( jet � pUE
T � pOOC

T �
The jet pT measuredby the calorimetersis scaledby frel to make the jet responseuniform with
η . The pT from additionalinteractionsin the samebunchcrossing,pMI

T , is subtractedbasedon
thenumberof reconstructedprimaryverticesNvtx in anevent. Thejet pT is thencorrectedfor the
calorimeterresponseby thescalefactor fabs, determinedby matchingparticlejetswith calorimeter
jets. In someanalyses,e.g. the top quark massmeasurement,it is essentialto determinethe
energy of the parentparton. Becauseof that, the underlyingevent andout-of-conecorrections,
pUE

T andPOOC
T , which correctjets backto parentpartonsareprovided. This multi-stepapproach

accommodatesdifferentneedsin many differentanalysesatCDF.

3.2.1 Calorimeter simulation

At CDF, determinationof thecalorimeterjet energy scaleprimarily relieson a detectorsim-
ulation anda jet fragmentationmodel. So, the accuracy of the calorimetersimulationis crucial
for theprecisejet energy scaledetermination.TheCDF calorimeterresponseto singleparticlesis
tunedto reproducetheresponsemeasuredin thetestbeamandthecollisiondata.TheCDF detec-
tor simulationusesaGEANT-baseddetectorsimulationin whichaparametrizedshowersimulation
(GFLASH) is usedfor thecalorimeterresponse.Someof theGFLASH parametersaretunedto repro-
ducethesingleparticleresponse(E � p andlateralprofiles)measuredin thetestbeamandcollision
data. Figure2 shows the measuredandsimulatedresponsefor individual particlesin the central
region at CDF. The simulatedresponsefor electromagneticparticles(electrons,photons)agrees
with themeasuredresponseto 1.7% atany momenta.Thesimulatedresponsefor chargedhadrons
agreeswith themeasuredresponsewithin 2.5% for p

�
12GeV/c and3 % for 12

�
p
�

20GeV/c
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Figure 2: 4 E 5 p 6 versusp for chargedhadronsin thecollision data(top left), for chargedpionsin the test
beamdata(bottomleft), andfor theelectronsandpositronsin thecollision data(top right) comparedto the
simulation.

in thecentralregion. At highermomenta,theuncertaintyis 4% dueto the testbeammomentum
uncertaintyandthechangein theintegrationtime in theCDF dataacquisitionsystem.

Thesamemethodwasusedto tunethesimulationresponsein theplug region. However, the
tuningis limited in precisionin theplugregionbecauseof thelimited trackingcoverage.Thus,the
jet energy scalein theplug region is rescaledto thatof thecentralregion asdiscussedin thenext
section.

3.2.2 Relative correction

The CDF calorimeterresponseis not uniform in η becauseof the boundariesbetweenthe
calorimetermodulesandthedifferentresponsesof thecentralandplugcalorimeters.Thejet energy
scaleis madeuniform in η by scalingjet energiesoutside0 � 2 �7�

η
���

0 � 6 to thosewithin this η
region wherethe energy scaleis bestunderstood.The correctionis determinedbasedon the pT

balanceof the leadingtwo jets in dijet eventswhere,to leadingorder, two jets shouldhave the
samepT andany imbalanceis dueto calorimeternon-uniformity. As discussedin the previous
paragraph,tuningof theplug calorimeteris still limited in precision,so the relative correctionis
determinedseparatelyfor therealandMC events.Thetwo correctionsaredifferentby upto � 2 %
at
�
η
���

2.

3.2.3 Multiple pp̄ interaction correction

Additional pp̄ interactionsin thesamebunchcrossingasthe interactionwhich producedthe
jets contribute energy to the jet cone. The numberof reconstructedprimary vertices(Nvtx) is a
goodestimatorof thenumberof interactionsin thesamebunchcrossing.Thismultiple interaction
correction,pMI

T , is derived by measuringthe transversemomentumin a coneof thesamesizeas
thejet conein the0 � 2 �8�η �9� 0 � 6 regionasa functionof Nvtx in minimumbiasevents.pMI

T is 0 � 34
GeV/c for cone-sizeR � 0 � 4 jetsusedin thetop-quarkanalysesatCDF.
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3.2.4 Absolutecorrection

Theabsolutecorrectioncorrectscalorimeterjetsto thecorrespondingparticlejets.Thecalorime-
tersimulationhasbeenoptimizedto reproducethemeasuredsingleparticleresponse,andit allows
CDF to rely on thesimulationto derive theabsolutecorrectionover awide rangeof jet pT .

Thecorrectionis obtainedfrom dijet eventsgeneratedwith PYTHIA 6.2 with tuneA param-
eters[4]. TuneA refersto the valuesof the parametersdescribingmultiple-partoninteractions
andinitial stateradiationwhichhave beenadjustedto reproducetheenergy observedin theregion
transverseto theleadingjet in jet datafrom CDFRun1. It hasbeenshown to provideareasonable
descriptionof the measuredenergy distribution insidea jet [5]. The correctionis determinedby
matchingthe two leadingparticle jets to the correspondingcalorimeterjets andtaking the most
probablevalueof calorimeter-jet pT for particlejetswith a given pparticle

T ( jet . This proceduretakes
out thejet energy smearingandfalling spectrumeffectsfrom thecorrection.

Theuncertaintyof theabsolutecorrectionarisesfrom theaccuracy of thecalorimetersimula-
tion, calorimeterresponsetimedependence,andtheuncertaintyin thejet fragmentationmodeling.
Theresultingtotaluncertaintyis � 2 % at20GeV/c and � 3 % at500GeV/c, andis dominatedby
thecalorimetersimulationuncertainty;furthertuningis in progress.

3.2.5 Underlying event and out-of-conecorrections

It is often preferableto reconstructthe energy of the original partonratherthan the energy
of theparticlejet. Theconversionfrom theparticlejet to theparentpartonhasto accountfor the
out-of-cone(OOC)energy, whichis theenergy of theparentpartonemittedoutsidethejet conedue
to final stategluon radiation,andthe underlyingevent (UE) energy from spectatorpartons.The
correctionwasdeterminedusingthe samemethodas the absolutecorrection,but the correction
relatesa particlejet with thematchedparentparton.

The uncertaintyof this correctionarisesfrom the modelingof UE andOOC energies. The
OOC energy uncertaintyis evaluatedby comparingthe energy flow outsidethe jet coneup to
R � 1 � 3 in dataandMC. We measuredin PYTHIA MC that an additionalenergy 0.5 GeV falls
outsideaconeof 1.3,andhalf of it is takenasthesystematicuncertainty.

The uncertaintyof the UE energy modelingis evaluatedbasedon the UE studyat CDF [6]
thatmeasuredtheenergy transverseto theleadingjet in dijet eventsin dataandMC samples.

3.2.6 Systematicuncertaintiesand cross-checks

CDF hasdeterminedthe jet energy scaleusingtheproceduredescribedabove. In thecentral
region, thecurrentuncertaintyon thejet scaleis 6.5% at20GeV/c dominatedby theOOCenergy
uncertainty, 3 % at 100GeV/c and3.5 % at 500GeV/c whereit is dominatedby thecalorimeter
simulationuncertainty.

The photon-jetand Z-jet dataaregood samplesfor studyingthe jet energy scalesincethe
photonandZ energiesarewell measuredandthusprovide goodreferencesfor the jet energy. At
CDF, thephoton-jetandZ-jet pT balancesareusedto cross-checkthejet energy scalein dataand
MC events. The photon-jetpT balancesin data,PYTHIA and HERWIG MC eventsafter all the
correctionsdescribedaboveareshown in figure4. Only cleanback-to-backphoton+jeteventswith
∆φ � γ � jet � 
 3 (rad)andthesecondjet pT

�
3 GeV/careused.PYTHIA andHERWIG MC events
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disagreeby � 3 � 5 % for R � 0 � 4 jets;however, datalie betweenPYTHIA andHERWIG andagree
with bothof themto within 2 %.

Thehadronicdecaysof resonanceswith well known massessuchastheW andZ bosonscan
be goodplacesto testandcalibratethe jet energy scale. Usually, the hadronicW andZ decays
areswampedby QCD backgroundat hadroncolliders;however, in tt̄ eventswith the lepton+jets
topology, the hadronicW resonancecanbe observed with a relatively small QCD background.
Figure5 shows thedijet massdistributionsin four subsamplesof theletpton+jeteventsample;the
subsamplesaremadebasedon thenumberof jets identifiedasb-quarkjetsby thestandardCDF
b-taggingalgorithm[7]. Eventswith oneb-taggedjet arefurtherdividedinto two classes;1-tag(T)
refersto eventswith four jetswith ET 
 15 GeV and1-tag(L)refersto eventswith threejetswith
ET 
 15GeV andthefourth jet with 8

�
ET

�
15 GeV.

ThehadronicW -bosondecayhasbeenusedsuccessfullyby theCDFandDØ collaborationsto
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Figure5: Dijet massdistributionsfor four subsamplesin thelepton+jetssample.Thesignalandbackground
shapescorrespondingto thebestfit of thejet energy scalecross-checkareoverlaidon thehistograms.

calibratethejet energy scalein top quarkmassmeasurementsin thelepton+jetschannel[8, 9]. In
theCDFmeasurement[8], thereconstructedtopmassanddijet massdistributionsareformedfrom
tt̄ MC eventswith varioustop massandthe jet energy scalerangingfrom -3 to +3σ whereσ is
thetotal jet energy scaleuncertaintydescribedabove. Fits to thedatawithout usingthejet energy
scaleconstraintfrom thestandardprocedureyield thejet energy scale Q � 0 � 25 R 1 � 22S σ , indicating
thatthejet energy scalefrom theaforementionedprocedureis in goodagreementwith information
providedby theW resonancepeakin tt̄ events.

Constrainingthejet energy scalewith thehadronicW resonanceis averypowerful technique,
andthe jet energy scaleuncertaintyfrom this methodwill improve asmoredatais accumulated.
However, it hasto benotedthat all thedetailedstudiespresentedabove would be crucial for the
successof this technique,sincethismethodrelieson goodmodelingof thedijet massdistribution.
Also, this techniquewouldnotbeableto constrainthejet energy scaleoverawiderangeof jet pT .

4. Energy scalefor b-quark jets

Topquarksdecaydominantlyto b-quarksandW bosons,thereforeit is essentialto measurethe
energy responseof b-quarkjets(b-jets)precisely. Thecorrectionfrom calorimeterjets to particle
jets or to the parentpartonis different for b-jets thanfor genericjets, sinceb-jets have different
partonshower andfragmentationproperties.Currently, bothCDF andDØ rely on MC simulation
to modelb-jet energy scale.

In the CDF top quarkmassmeasurements[8], additionaluncertaintiesareevaluatedfor the
b-jet energy scale:1) uncertaintiesin energy responsearisingfrom uncertaintyin B mesonsemi-
leptonicbranchingratios,2) uncertaintiesarisingfrom the imperfectknowledgeof the fragmen-
tationpropertiesof b-quarks,and3) uncertaintiesarisingfrom thedifferentcolor flow associated
with b-jets producedin top quarkdecay. The b-jet energy scaleuncertaintiesfrom thesesources
areevaluatedby changingthe relevantparametersin MC basedon theconstraintsfrom otherex-
periments,andyield additional0.6% uncertaintyin total.
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Possiblewaysto test the b-jet energy scalein pp̄ datawould be to look at photon-b-jet pT

balanceor Z T bb̄ resonance.CDF hasextractedtheZ T bb̄ signalandis seekingto useit to test
andcalibratetheb-jet energy scale.At CDF, adedicatedtriggerwasimplementedto collecta large
sampleof Z decaysto b-quarkpairsby requiringtwo trackswith displacedverticesandtwo jets,
anddijet eventswith bothjetsbeingtaggedasb-jetsareselectedoffline. Thesignalwasextracted
by fitting theQCD backgroundshapecomputedusinguntaggeddatapassingthesamekinematic
selectiontogetherwith theZ T bb̄ signalandtheZ T bb̄ signalshapecomputedwith PYTHIA MC
to thedata.Currently, thesystematicuncertaintiesassociatedwith theQCDbackgroundsubtraction
procedurearebeingevaluatedandproceduresto testandcalibratetherelativedata/MCb-jet energy
scalearebeingexamined.

5. Summary

Thestrategiesusedby theCDF andDØ collaborationsto determinethe jet energy scaleare
presented.CDF hasdeterminedthe jet energy scaleprimarily basedon a tunedcalorimetersim-
ulationandjet fragmentationmodel,andthedeterminedenergy scaleis validatedin severalcross
checks.CDF hasachieved a determinationof the jet energy scalewith the uncertaintyshown in
figure3 [1] andis currentlyworkingto reduceit further. In theapproachusedby DØ, thejet energy
scalehasbeenobtainedmainly by utilizing thetransversemomentumconservation in photon+jet
events[2] andseveralcross-checkshave beenperformed.DØ hasdeterminedthejet energy scale
to within � 2 % precisionover awide rangeof jet pT (figure1).

HadronicW decaysin tt̄ eventswith the lepton+jetstopologyhave beensuccessfullyusedto
constrainthe jet energy scalein thetop quarkmassmeasurements[8, 9]. This is a very powerful
technique,howeverhaving excellentcalorimetersimulationandwell-calibratedjet energy response
would still becrucialto make thiswork.

b-quark jets have differentpropertiesthangenericjets, and the energy correctionhasto be
determinedseparately. Both CDF andDØ arecurrentlymodelingtheb-jet energy responsebased
onMC, andarecurrentlyinvestigatingpossibilitiesto testandcalibratetheb-jet energy scaleusing
Z T bb̄ andphoton-b-jet pT balance.
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